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Brain-to-brain entrainment: EEG 
interbrain synchronization while 
speaking and listening
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Electroencephalographic hyperscanning was used to investigate interbrain synchronization patterns in 
dyads of participants interacting through speech. Results show that brain oscillations are synchronized 
between listener and speaker during oral narratives. This interpersonal synchronization is mediated 
in part by a lower-level sensory mechanism of speech-to-brain synchronization, but also by the 
interactive process that takes place in the situation per se. These results demonstrate the existence 
of brain-to-brain entrainment which is not merely an epiphenomenon of auditory processing, during 
listening to one speaker. The study highlights the validity of the two-person neuroscience framework 
for understanding induced brain activity, and suggests that verbal information exchange cannot be fully 
understood by examining the listener’s or speaker’s brain activity in isolation.
Human verbal communication involves an exchange of information between two or more people in order to 
convey and receive intended meanings through speech, with speech production and speech perception the two 
constitutive parts of the process. To be effective, communication requires the ability to deliver a verbal message 
and the capacity to comprehend the message. Speech perception is achieved by coupling between the ongoing 
rhythmic neural activity of the listener and the quasi-rhythms of the speech signal1–3. This phenomenon is called 
brain entrainment to speech, and supports native speech intelligibility4–6. Interestingly, entrainment also seems 
to take place during speech production, as the neural activity of a speaker correlates with the amplitude envelope 
of the sound of their own utterances7. Thus, there is a tight relationship between the neural oscillatory activity 
of the listener and the physical properties of the perceived message, but also between the neural activity of the 
speaker and the verbal output being produced. In the current study, the question under investigation is whether 
these effects are independent of each other, or whether the oscillatory patterns of speaker and listener reflect a 
form of mutual dependency.
Evidence from prior research indicates that understanding the verbal production of others involves some 
form of neural coupling not only with the input signal, but also with the speaker’s neural system8, 9, and that elec-
troencephalographic (EEG) inter-brain synchronizations are tightly linked to speech synchronizations between 
interlocutors10. Studies have also shown increased EEG interbrain synchronization associated with effective social 
coordination11, 12, which is highly relevant because verbal communication is a cooperative process that requires 
individuals to actively coordinate their thoughts in a dynamic and adaptive way. Thus, not only does brain oscilla-
tory activity entrain to speech, but it probably becomes synchronized between the listener and the speaker due to 
(i) the shared sensory stimulus (speech signal), and (ii) the verbal communication itself (social interaction). We 
hypothesize the existence of brain-to-brain entrainment during a communicative scenario based on verbal inter-
action. This brain-to-brain entrainment would imply that the neural oscillators from two autonomous human 
brains interact (expressed via synchronization), while individuals engage in a verbal exchange.
This hypothesis was tested in the current study by investigating whether brain-to-brain synchronization 
appears when two persons exchange verbal narratives (oral narrative, hereafter). We used an experimental 
set-up which is in line with the two-person neuroscience (2PN) methodological and conceptual framework13. 
EEG activity was recorded simultaneously from a pair of subjects as they engaged in interchanging verbal 
information (15 dyads in total). The simultaneous measurement of neural activity from an interacting dyad is 
a technique known as hyperscanning14. Specifically, hyperscanning was performed while one component of 
the dyad listened to the other’s oral narrative (i.e. listener and speaker roles, respectively) without interpersonal 
visual contact. Participants alternated between the roles of speaker and listener. This setting can be considered a 
1BCBL – Basque Center on Cognition Brain and Language, 20009, Donostia, Spain. 2Ikerbasque, Basque 
Foundation for Science, 48011, Bilbao, Spain. 3Departamento de Filología Vasca, EHU/UPV, 48015, Bilbao, Spain. 
Correspondence and requests for materials should be addressed to A.P. (email: 256454@gmail.com)
Received: 30 December 2016
Accepted: 16 May 2017
Published: xx xx xxxx
OPEN
www.nature.com/scientificreports/
2Scientific RepoRts | 7: 4190  | DOI:10.1038/s41598-017-04464-4
close-to-natural scenario since it resembles a telephone conversation in which pairs of persons hear but do not 
see each other. Enhancement in the interbrain synchronization patterns was evaluated by comparing the oral 
narrative recordings against a surrogate dataset obtained from pairing speaker and listener of the same dyad in 
non-time-corresponding moments of the ‘conversation’. Also, by using multiple linear regression modelling we 
assessed for the brain-to-brain entrainment not mediated by the speech-to-brain entrainment. Our results shed 
light on inter-related brain functions and the neural bases of language as social action, as well as highlighting the 
importance of the interactive nature of communication between individual brains.
Results
Behavior. The listeners’ attention was evaluated at the end of the interchange of oral narratives by asking 
each participant to complete a questionnaire containing questions on each of the topics on which the dyads con-
structed the discourse. Participants accurately responded on average to 90.5% of the 30 questions (6 questions 
on each of the 5 topics), demonstrating that the listeners were paying careful attention to the speakers’ narratives 
during the experiment (mean: 27, SD: 2.2).
Brain-to-brain synchronization. To compute brain-to-brain synchrony between Speaker and Listener 
we employed a phase synchrony measure known as phase locking value (PLV), which was calculated for all 
Listener/Speaker pair combinations of EEG signals (i.e. 27 × 27 electrodes) and then compared to a surrogate 
dataset to assess for the statistical significance of the degree of coupling or co-variations in their neural activity 
(see Statistical Analysis section). Statistically significant increases in PLV between the Listener and the Speaker 
appeared at the four frequency bands analyzed (delta, theta, alpha and beta), when compared to the surrogate 
data. After correcting for multiple comparisons across bands (4) and electrode pairs combinations (729) using a 
false discovery rate (FDR) of q < 0.05, the interbrain synchronization was enhanced at 123 electrode pairs: 14 in 
delta band, 49 in theta, 28 in alpha and 32 pairs in beta. Figure 1 show these patterns of interbrain synchronization 
in a matrix indicating the exact electrode pairs (Listener/Speaker) at which the enhancement occurred. Figure 1 
also provides the (rounded) p values (FDR corrected, pFDR) for each electrode pair. The corresponding statistical 
values are in Supplementary Figure 1 (all df = 29). There is a differential topographical distribution of the effect 
for each frequency band, and only 3 electrode pairs showed effects across two or more bands. This indicates that 
the interbrain synchronization is not topographically constrained across bands or driven by the same electrodes.
These results demonstrate the existence of a brain-to-brain entrainment during oral narrative that could be 
due to the shared speech signal and/or the verbal communication itself. The following analyses are intended to 
determine whether the brain-to-brain entrainment is mediated (at least in part) by a lower-level sensory mecha-
nism of speech-to-brain synchronization.
Brain-audio envelope synchronization. In order to determine the brain-to-brain entrainment mediated 
by speech-to-brain entrainment we first investigated the precise bands and sites showing statistically significant 
increases in phase synchronization (PLV) between the EEG signals and the amplitude envelopes of speech signals, 
again as compared to surrogate data. Increases in synchronization (i.e. brain-audio envelope synchronizations) 
were examined separately for the Listener and the Speaker. The heads in the left panel of Fig. 2 show the topo-
graphical distribution of the mean difference between the synchronization in the real and the surrogate data. This 
qualitative assessment highlights the different topographical patterns for Listeners and Speakers in the theta band, 
with the Speakers showing larger differences between real and surrogate data at right temporal sites. Figure 2 
also shows the pFDR values of the comparison for each electrode for both roles and frequency bands. A table with 
the statistics of these comparisons is included in Supplementary Figure 2 (all df = 29). After FDR correction 
(q < 0.05) across role-frequency bands (4) and electrodes (27), in the case of the delta band, neural entrainment 
to the amplitude envelope was found for both the Listener and the Speaker at all electrodes. In the case of theta, 
the effect was generalized across all electrodes for the Speakers while it was distributed fronto-centrally across 8 
electrodes for the Listeners. In the case of alpha, neural entrainment to speech was evident only for the Speaker, 
who showed an effect across 16 electrodes, while no effect was observed for the Listener. In the case of beta band, 
the effects are circumscribed to a few electrodes for both the Listener and the Speaker (3 and 4, respectively).
These results demonstrate brain entrainment to speech while perceiving and producing oral narratives. This 
entrainment is particularly stronger at the low frequencies and it is increased and more generalized in the case 
of the Speaker as compared to the Listener. The following analysis was carried out to determine whether the 
brain-to-brain entrainment pattern could have been mediated or boosted by the Listener/Speaker’s brain entrain-
ment to speech.
Multiple linear regression modelling. Multiple linear regressions were calculated to predict 
brain-to-brain synchronization based on the brain-audio synchronization of the Listener and/or the brain-audio 
synchronization of the Speaker. Different models were implemented to determine the exact sites and bands in 
which brain-to-brain entrainment is statistically significantly explained by speech-to-brain synchronization (see 
Statistical Analysis section).
Main Full Model. Results from this model that takes into account all possible effects, including those of listener 
brain-audio entrainment, speaker brain-audio entrainment, and the interaction effect, are shown in Fig. 3 which 
contains the coefficients of multiple determination (R2) for each channel combination and each frequency band. 
Cells colored in green indicate that both brain-audio synchronizations (for the Listener and for the Speaker) were 
significant predictors of the brain-to-brain synchronization. Supplementary Figure 3 contains the corresponding 
F values (all Fs(2, 28)) associated to the corresponding uncorrected p values from the multiple regression model-
ling. From the 159 electrode pairs in total that showed a significant effect, only 8 overlapped in at least two bands. 
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This indicates that the contribution of the brain-audio synchronization to the brain-to-brain synchronization is 
not topographically constrained across bands or driven by the same electrodes. Out of 729 tests in each band, 34 
electrode pairs were statistically significant in the case of delta band, 83 in theta, 20 in alpha and 22 in beta band.
Partial Models. These more simple models only take into account, separately, the Listener brain-audio entrain-
ment (Model 1) and the Speaker brain-audio entrainment (Model 2) and could be important in explaining 
results in the brain-to-brain entrainment that go unnoticed in the main full model. Model 1: Results are shown 
in Supplementary Figure 4. From the 173 electrode pairs in total showing a significant effect, 15 overlapped in 
at least two bands. For delta, theta, alpha and beta bands, the statistically significant electrode pairs were 46, 57, 
17 and 53, respectively. Model 2: Results are shown in Supplementary Figure 5. From the 157 electrode pairs in 
total showing a significant effect, 13 overlapped in at least two bands. For delta, theta, alpha and beta bands, the 
statistically significant electrode pairs were 47, 57, 34 and 18, respectively. Partial models explained additional 
Figure 1. Group-level statistical results from the brain-to-brain synchronization analysis at the different 
frequency bands. The matrices contain the FDR-corrected p values from nonparametric permutation tests 
(rounded) between each channel of the Listener and each channel of the Speaker. Statistically significant 
coupling (PLV) between listeners and speakers during oral narratives is indicated by coloring in green the 
corresponding cells with pFDR < 0.05. Rows represent the electrodes of the Listener and columns the electrodes 
of the Speaker. Significant interbrain synchronization, as compared to the surrogate dataset, is evident with 
different topographical patterns for delta, theta, alpha and beta frequency bands.
www.nature.com/scientificreports/
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brain-to-brain synchronization mainly in alpha and beta band, thus complementing the results obtained in the 
main full model.
Interestingly, the larger numbers of electrode combinations that contributed to explaining the brain-to-brain 
synchronization were in the theta band. Considering the results showing generalized brain-audio envelope syn-
chronization for the Speaker in this same frequency band (which was markedly different from the Listener’s 
pattern), the possibility cannot unambiguously be ruled out that brain-to-speech entrainment in this band could 
be mediated by speech articulatory artifacts.
In general, these results suggest the existence of an interbrain coupling process mediated by the Listener’s and/
or the Speaker’s brain-to-speech entrainment. In other words, speech is a shared sensory stimulus that explains 
some of the interbrain coupling data. However, it is important to explore in further detail the brain-to-brain 
entrainment patterns that cannot be accounted for by the entrainment with speech, given that this would repre-
sent a clear instance of seemingly independent interbrain coupling. In the following final analysis, we explored 
the brain-to-brain synchronization pattern after excluding the electrodes that showed significant brain-audio 
envelope synchronization for either the Listener or the Speaker (or both) in each of the frequency bands, and also 
removing the brain-to-brain synchronization predicted by brain-audio synchronization.
Brain-to-brain synchronization not explained by brain-audio envelope synchronizations. In 
this final section, the brain-to-brain synchronization effects obtained in each frequency band were explored dis-
regarding (i) the electrode combinations for which brain-to-brain synchronization could have been explained 
by the brain-audio envelope synchronization (as resulting from the multiple linear regression modelling) and 
(ii) the electrode combinations that contain an electrode showing entrainment to speech for the Speaker or the 
Listener (as resulting from the analysis of the brain-audio envelope synchronization). In other words, channels 
significantly involved in brain-audio synchronization were fully eliminated from the brain-to-brain synchroni-
zation pattern of results. Thus, we report only the brain-to-brain entrainment between speaker and listener that 
is independent of the auditory processes, since it is not significantly explained by the physical attributes of the 
auditory stimulus.
With the set of constraints established, no brain-to-brain synchronization effects were expected to survive in 
the delta and the theta bands, given that in these bands all the channels were involved in the speech-brain syn-
chronization (see Fig. 2 for details). Figure 4 shows the electrode combinations that, independently of sensory 
entrainment effects, showed enhanced brain-to-brain synchronization during oral narrative interchange at the 
group level. The right panels represent the matrices from the previous analyses, indicating the electrode pairs 
whose synchronization pattern cannot be explained by the mediating role of speech (marked in green), and the 
Figure 2. Brain entrainment to the narratives for listeners and speakers. The topological plots show the scalp 
distribution of the mean differences across participants in synchronization (PLV’s z-scores) between the real 
and the surrogate data at each frequency band. The different colors represent the scale from −0.8 to 0.8. The 
gray dots on the heads represent the location of the electrodes. The statistical results from the brain-audio 
envelope synchronization analysis at the different frequency bands are presented on the right. The matrix 
contains the FDR-corrected p values from nonparametric permutation tests (rounded) between each channel 
of the Listener/Speaker and the speech signal. Statistically significant brain-to-speech coupling (PLV) while 
listening or producing speech is indicated by coloring in green the corresponding cells where pFDR < 0.05. 
Rows represent the electrodes and columns represent the role-frequency band. Significant brain-to-speech 
synchronization, as compared to the surrogate dataset, is more evident in the slow frequencies of delta and theta 
and more for the Speaker than for the Listener.
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left panels present the heads plots for the Listener and the Speaker, with green lines connecting the electrode 
combinations showing a seemingly independent and significant effect. The upper panel shows the interbrain syn-
chronization pattern in the alpha band, which is focal and topographically constrained to the frontal electrodes 
of the Listener connecting with the central electrodes of the Speaker. For a better view of the topographical distri-
bution of the 15 significant combinations, see Supplementary Video 1. The lower panel shows the pattern in the 
beta band, which includes 20 combinations involving multiple links between frontal electrodes of the Speaker and 
temporal electrodes of the Listener. Supplementary Video 2 provides a 3D view of the topographical distribution. 
Thus, this analysis shows that an important part of the brain-to-brain entrainment pattern found in this study is 
not the byproduct of a coupling process between the neural oscillatory activity and the shared sensory stimulus 
(speech), but is mediated by factors other than the physical properties of the utterances.
Figure 3. Group-level statistical results from the multiple linear regression modelling analysis (full model) 
at the different frequency bands. The matrixes contain the coefficient estimates (R2 values) for a multilinear 
regression of the brain-to-brain entrainment response using as predictors the brain entrainment to speech of 
the listeners and the speakers. Statistically significant percentage of variance explained is indicated by coloring 
in green the corresponding cells where p < 0.05. Rows represent the electrodes of the Listener and columns 
represent the electrodes of the Speaker. Both brain-audio synchronizations were significant predictors of 
the brain-to-brain synchronization in all the analyzed frequency bands, being more generalized in the slow 
frequencies and mainly in those corresponding to theta.
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Discussion
In the current study we have demonstrated that oral narrative is concomitant with the inter-brain coupling of 
neural oscillations, a phenomenon that we term ‘brain-to-brain entrainment’. Results here are in line with earlier 
work10, 15 and specifically show an enhanced synchronization between the EEG oscillatory activity of listeners 
and speakers in delta, theta, alpha and beta frequency bands. The brain synchronization in delta and theta bands 
was mediated by the speech signal, since entrainment occurred between the neural systems of the senders and 
the receivers, but also between their brains and the shared message, through entrainment to the audio envelope. 
Interestingly, some of the synchronization pattern found in the alpha and beta band seems to emerge directly 
from the mutual interaction of the dyad, without being mediated by the physical properties of speech (i.e., a 
“pure” instance of brain-to-brain entrainment). These results strongly emphasize the social essence of verbal 
Figure 4. Representation of statistically significant enhanced interbrain synchronization patterns between 
the listeners and the speakers during oral narratives that are not explained by brain-audio envelope 
synchronization. Matrices on the right are those reported for group statistics on the interbrain synchronization 
patterns provided in Fig. 1, after deleting those electrode combinations where brain-to-brain synchronization is 
explained by the brain-audio envelope synchronization and after deleting electrode combinations that contain 
at least one electrode showing entrainment to speech. The plots on the left are an alternative representation of 
the information contained in the matrices. The red head represents the Speaker and the blue head represents 
the Listener, with the green lines connecting those electrode pairs that show significant enhancement in 
synchronization. In the alpha band (upper panel) the sites showing interbrain coupling are mainly frontal 
for the Listener and central for the Speaker. In the beta band (lower panel) the sites are mainly frontal for the 
Speaker and temporal for the Listener.
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communication and invite a paradigm shift that does not exclusively focus on the study of individual brain activ-
ity in isolation as a proxy for understanding the neural bases of linguistic communication.
The vast majority of studies to date have focused on the relationship between a listener’s neural oscillatory 
activity and the properties of the perceived speech signal. These studies have provided ample evidence that neural 
entrainment to speech occurs in the low-frequencies3, 16–20. In line with these findings, we found cortical entrain-
ment to the speech envelope mainly in the delta and theta bands. Remarkably, our results demonstrate that the 
neural oscillators of speakers also align with the verbal signal they themselves produce even including alpha band, 
which has also been reported as having a role in speech processing21. Surprising as it may seem, this is a coher-
ent phenomenon that relies on the fact that language production and comprehension are tightly interwoven22, 
depending to a great extent on similar neural mechanisms23. This result is also in line with the idea of corollary 
discharge, which is a specific instance of an efference copy that allows monitoring and controlling of the interfer-
ence of one’s own production during ongoing verbal production24. We hypothesize that the finding of significant 
entrainment of speakers to their own speech responds to a form of corollary discharge that permeates the neural 
system during vocalization.
In addition to concomitant brain entrainment to speech in the delta and theta band, we also found markers 
of interbrain synchronization at these frequency bands. This novel brain-to-brain entrainment effect may be 
fully mediated by the speech signal, given that both the speaker and the listener’s neural slow-oscillators also 
synchronize with the speech signal. In fact, delta-like fluctuation rates correspond to the largest linguistic struc-
tures, such as sentences and phrases, whose temporal dynamics tend to map onto these frequency ranges. Theta 
frequencies, in turn, correspond to the rate at which syllables regularly occur in a continuous speech stream. This 
finding underscores the role of prosody in language comprehension and highlights the importance of the neural 
processes underlying the processing of complex linguistic structures in connected speech during interpersonal 
verbal communication25, 26. Hence, we suggest that the interbrain synchronization pattern observed in the slow 
neural oscillations could be considered a transitive property of a series of brain-to-speech synchronization mech-
anisms, shared by speakers and listeners, which underlie the encoding of long time-scaled information streams.
It could be tentatively argued that some of the enhanced synchronization patterns found in the present study, 
especially the speech-to-brain synchronization for the speakers, could be related to jaw movements causing mus-
cle artifacts in the EEG data. However, we can safely conclude that this cannot be the underlying reason for 
the whole set of brain-to-brain entrainment patterns found, due to several important reasons. First, undetected 
speech artifacts were also contained to a similar extent in the surrogate data used for the statistical compari-
sons and therefore no differences should emerge between samples due to this reason. Second, it is important to 
recall that during the experiment, the two subjects did not move their jaws simultaneously, given the turn-taking 
strategy followed. And third, the last analysis reported here showed that some of the critical brain-to-brain cou-
pling effects were completely independent of the brain-to-speech entrainment, and consequently not mediated 
by speech artifacts. Nevertheless, more sophisticated strategies could be used to filter speech artifacts in future 
studies, such as the use of Common Spatial Filters27 or the computation of partial coherence28.
Critically, our results also demonstrate the existence of focal interbrain synchronization patterns in the alpha 
and beta bands. Importantly, part of these data cannot be explained as a function of the presence of a third shared 
unit acting as the external oscillator modulator (namely, the speech envelope), since the effects remained after 
taking into account the specific contribution of the brain-to-speech synchronization. Oscillatory activity in alpha 
frequencies has been typically associated with attention-mediated processing29–31, and the role of attention in 
successful verbal communication is undeniable. That is, attentional resources need to be coordinated among 
interlocutors not only to understand each other, but also to anticipate forthcoming speech32, and to segment the 
continuous speech signal into meaningful units33–35. On the other hand, oscillatory modulations in beta frequen-
cies are supposed to reflect the close relationship between language comprehension and motor functions36. It has 
been shown that the beta rhythm modulation by speech sounds elicits a pattern in the somatosensory cortices 
of the listener that resembles the activity that subtends actual speech production in the speaker37. Furthermore, 
oscillations in the beta (and theta) band are instrumental in predicting the occurrence of auditory targets38. 
Therefore, it is possible that alpha and beta constitute distinct rhythmic classes that are both involved in top-down 
processing39. Thus, brain-to-brain entrainment in the alpha-beta frequencies could be conceived as part of an 
emergent property of coupled systems that are mutually dependent due to interactive prediction processes40. 
This claim is reinforced by previous evidence showing increased oscillatory brain activity in the sensorimotor mu 
rhythm and its alpha-band component, associated with effective social coordination11, 12, 41.
The finding that brain-to-brain entrainment during oral narrative emerges (at least in part) from on-line 
mutual interaction is in good agreement with theoretical accounts postulating that brains work differently in 
social interactive situations than in isolation42–47. Verbal communication should be seen differently from the mere 
sum of production and perception, and communicative interactions should be conceived as autonomous pro-
cesses influenced by both the participants and the situation44. Therefore, future studies should take advantage of 
designs that include engaged participants and simultaneous recordings32, and should also move beyond the clas-
sic event-related designs, to investigating continuous neural encoding25. In addition, the current results suggest 
that the seemingly well-established neural markers of speech production and perception need to be revised, since 
brain-to-brain coupling also modulates neural activity (and behavior) over and above brain-to-speech coupling, 
resulting in patterns that do not emerge in isolation48.
In summary, the interbrain synchronization patterns between listeners and speakers here evidenced during 
an exchange of oral narrative support the existence of brain-to-brain entrainment. These results add to a growing 
body of evidence emphasizing the need for more close-to-natural experimental designs and methodologies that 
would allow exploration of the complexity of the neural mechanisms underlying verbal communication and 
social interaction in general.
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Methods
Participants. The study included data from thirty subjects (16 men, 14 women, mean age: 23.18, SD: 3.64 
years, range: 19–31 years). All were right-handed (assessed by an adapted version of the Edinburgh Handedness 
Inventory49), and were native speakers of Spanish. Participants were arranged in 15 pairs or dyads that fulfilled 
the requisites of: same gender [46], equivalent age (no more than 5 years of difference), and not knowing each 
other prior to the experiment. We had three a-priori exclusion criteria (i) technical issues during data acquisition 
such as saturation of the amplifiers, high electrode impedance and electrode detachment, (ii) large artifacts due 
to laughing, sneezing, coughing, yawning, body movements or tics, and (iii) participant discomfort with the 
experimental set-up. Data from one additional dyad pair was excluded due to technical issues during recording. 
All participants had adequate hearing, (corrected to) normal vision and had no known neurological/psychiatric 
disorders or current drug abuse. Participants were recruited from the participant pool of the Basque Center on 
Cognition, Brain and Language (BCBL). Individual written informed consent was obtained from all participants 
prior to the experimental session, which included consent for their de-identified data to be freely available for 
further research. All participants received monetary compensation (€15/h) for the EEG session which lasted 
approximately 2 hours, plus an additional €5 for a post-scan questionnaire used to evaluate each participant’s 
attention during the experimental procedure. The study was conducted in accordance with the Declaration of 
Helsinki (1964) and approved by the BCBL Ethics Committee.
Experimental setting. Pairs of participants were introduced to each other and the experimental procedure, 
and were engaged in small-talk with each other and the experimenters during the setting up of the EEG cap and 
electrodes. The experiment was conducted in a soundproof chamber. Figure 5 shows a depiction of the experi-
mental set-up. Participants were seated side by side, with a board placed between them that prevented them from 
seeing each other. This was done in order to avoid possible entrainment resulting from embodied interaction, 
such as those due to non-verbal (visual) communication through glances, frowns, gesticulations and posture15, 
and more importantly, due to lip movements28. A microphone was attached to the board separating the dyad pair 
in order to record the verbal production of both participants. A computer screen facing participants was placed at 
a distance of approximately 1.5 meters, centered, and was equally visible to the two participants. Detailed instruc-
tions and explanations about the experiment were provided. Participants were asked to (i) be relaxed and still, 
avoiding body movements (e.g. gesticulation, nodding); (ii) pay careful attention to the content of the partner’s 
verbal production; and (iii) speak continuously and without much pausing, vocalize clearly and avoid whispering 
and the use of interjections when cued to speak. Presentation of all instructions and stimuli was controlled by 
a custom-written program created and compiled with Experiment Builder© software (SR-Research, Ontario, 
Canada) that was run on a PC. The program also recorded the audio files and sent the triggers to the PC used 
for the EEG recordings. All participants were informed that a short evaluation about the content of the partner’s 
verbal productions would take place at the end of the experiment and that they would receive a small monetary 
reward based on successful performance in the evaluation (24 correct responses out of the 30 questions).
Task. Pairs of subjects listened to each other’s semi-structured oral narratives without interpersonal visual 
contact. Specifically, participants were required to alternate the roles of speaker and listener while interchanging 
verbal information about their preferences and opinions about 5 different common topics: sports, movies, ani-
mals, music and travel. Depending on their assigned role, participants were asked to either speak as freely and 
naturally as possible about the corresponding topic, or to listen paying careful attention to the other’s speech. 
Each topic was accompanied by a series of 6 questions that were presented on the screen as a guide. Participants 
were asked to answer each question as fully as possible, since these questions would be used in the evaluation at 
the end of the experiment, to assess the degree of attention paid to the partner. Each trial lasted for 180 seconds. 
For the first 90 seconds, one participant was assigned the role as speaker, and the other as listener, and the roles 
were reversed for the second half of the trial. Interval between trials and within trials (exchange of roles) had a 
Figure 5. Experimental set-up.
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length of 15 seconds. These intervals minimize the potential synchronization of respiratory and cardiac activity 
that may occur in smooth turn-taking50. Together with the topic and the guide, a cue (blue arrow) indicating the 
participant of the dyad who had to speak was presented on the screen. Participants were also presented in a cor-
ner of the screen with information about the remaining time of each 90 seconds turn, by a countdown clock that 
showed the time at irregular intervals. A trial in which both participants had to remain silent was also included 
as a baseline (see EEG preprocessing section). The presentation order of topics and the silent block, and the initial 
role order within a trial were randomized across dyads. One additional trial (topic: food) was used for practice 
purposes at the beginning of the experiment and was not included in the analysis. Therefore, the experiment 
consisted of 5 listening events (Listening condition), 5 speaking events (Speaking condition) and one silent event 
(Resting condition) for each participant in each dyad. After finishing the EEG recording session, participants 
were asked to complete a paper and pencil evaluation concerning the information their partner provided during 
the experimental session (which had been cued by the guided questions). Each participant then scored their 
partner’s evaluation (1 point for each correct response).
EEG hyperscanning recordings. Electrophysiological signals of each subject were acquired from 
32-channels. Each subject was connected through an individual Electrode Input Box to one BrainAmp Standard 
amplifier (Brain Products GmbH), allowing for individual Reference and Ground electrodes. The two BrainAmps 
(32-channles) were synchronized by the same USB 2 Adapter (BUA). Data was recorded using custom work-
spaces in BrainVision Recorder. EEG signals were acquired using elastic caps (EasyCap) mounted with 27 scalp 
Ag/AgCl electrodes placed according to the International 10–20 system, and included: Fp1/Fp2, F3/F4, F7/F8, 
FC1/FC2, FC5/FC6, C3/C4, T7/T8, CP1/CP2, CP5/CP6, P3/P4, P7/P8, O1/O2, Fz, Cz, and Pz. Ground electrodes 
were placed at AFz location. Additional clip-on electrodes were located on the earlobes, with left one used as 
online reference. Two electrooculography (EOG) electrodes were placed at the external ocular canti (to monitor 
horizontal eye movements), and two electromyography (EMG) electrodes were placed at the left orbicularis oris 
superior and left orbicularis oris inferior (halfway between the center and the corner of the mouth). Impedance 
measurements were checked by two individual 32-channels workspaces corresponding to each participant/ampli-
fier. Inter-electrode impedances were set below 5 kΩ at the beginning of the experiment. Data were acquired at a 
sampling rate of 250 Hz. EEG markers were time-locked to the beginning of each listener/speaker turn.
EEG preprocessing. The data were analyzed using EEGLAB toolbox51 and custom programs that were 
run in MATLAB (version 2014b, The MathWorks Inc.). The recorded signal of each individual participant was 
re-referenced off-line to the right-earlobe electrode, and a high-pass filter (FIR) at 1 Hz was applied. Bad channels 
(identified with the PREP toolbox52 and through visual inspection of the power spectra) were removed from 
the dataset. A low-pass filter at 20 Hz was applied in order to reduce the presence of muscular artifacts53, after 
which an Independent Component Analysis (ICA, runica method, EOG channels included) was performed to 
identify additional artifacts. Components identified as mainly containing ocular movements (i.e., blinks, sacca-
des), heartbeat and muscle artifacts (by examining the components’ topographies, frequency spectra and time 
courses) were removed (up to 4 components; mean: 3). Components that were highly correlated with the EMG 
signals (p < 0.0001) were also removed. Bad channels were then interpolated. Finally, the 90-second epochs of 
interest were extracted from the signal of each participant (11 epochs; 5 production events, 5 listening events, 1 
silent event).
Brain-to-brain synchronization (brain-to-brain entrainment). The phase synchrony between the 
Speaker and Listener electrode pair signals was calculated by using the phase locking value (PLV) measure54. The 
measurements were performed on a trial-basis, using the 90-second epochs. Specifically, PLV from all possible 
combinations of electrode pair signals (n = 729) corresponding to the two different but concurrent EEG record-
ings in the dyad was estimated. This measure reflects the mean phase coherence of an angular distribution. A PLV 
variant that involves averaging the instantaneous phase differences over time within a single trial (n) was used. 
This variant is expressed in equation (1), where T is the number of time points, φ(t, n) is the phase of trial at time 
t, in channel φ, and ψ(t, n) in channel ψ. Instantaneous phase at each time point in each time series was estimated 
from the Hilbert Transform at 4 frequency bands: delta (1–3 Hz), theta (4–8 Hz), alpha (9–12 Hz) and beta (15–
20 Hz). The PLV varies between 0 (random phase) to 1 (perfect phase-locking). This form of the PLV is essentially 
a measure of the intra-trial consistency of the phase difference between channels and it has been previously used 
in EEG hyperscanning studies55. The outputs are matrices with dimensions 27 × 27 × 4 × 6 (i.e. Listener’s chan-
nels × Speaker’s channels × frequency bands × blocks corresponding to the five topics plus the resting condition). 












t n t n( , ) ( , )
PLVs obtained in the resting condition were subtracted to those obtained in each of the topics15. This was done 
to avoid non-specific kinds of engagement that may result from physical cohabitation, and thus allows us to 
confidently claim that any synchronization effects obtained have been solely driven by the linguistic interaction. 
Finally, data were collapsed across topics. This resulted in estimations of synchronization between the 27 channels 
of the Speaker and the 27 channels of the Listener in each frequency band. As the Speaker-Listener situation is 
twofold inside the dyad, the final sample is composed of 30 cases.
Brain-audio envelope synchronization (brain entrainment to speech). The brain-to-speech syn-
chronization was estimated (i) between the Listener’s EEG signals and the Speaker’s amplitude envelope, and 
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(ii) between the Speaker’s EEG signals and their own amplitude envelope. First, we computed the amplitude 
envelope for each audio waveform, extracted through the computation of a power spectrogram and resampled to 
250 Hz. Second, the phase synchronization between the amplitude envelope and the EEG neural oscillation (in 
each channel) was directly quantified by using the same PLV measure and similar procedure as described for the 
brain-to-brain case (Supplementary Figure 5 contains these outputs collapsed across topics and subjects). Third, 
intra-brain PLV between all sensor pairs was estimated. Fourth, intra-brain PLV was averaged across sensor pairs 
and the resulted values were extracted from the brain-amplitude envelope PLV at each frequency18. The obtained 
brain-amplitude envelope PLV was finally collapsed across topics. This synchronization estimation resulted in the 
following output for each participant and role: 27 channels × 4 frequency-bands.
Surrogate datasets. Brain-to-brain: surrogate data were created with signals taken from different trials 
but preserving within the dyad each participant’s role (Speaker or Listener). For example, the EEG signal of par-
ticipant A listening about ‘sports’, was paired with the EEG signal for participant B speaking about ‘movies’. By 
shuffling the trials, 20 possible combinations were obtained.
Brain-to-speech: similarly to above, the amplitude envelopes were paired with the EEG signals recorded from 
other trials. For example, subject A’s speech amplitude envelope for ‘sports’ was paired with the EEG of subjects 
A/B listening/speaking about ‘movies’).
It was assumed that no significant increases in synchronization would be found for surrogate datasets since 
the signal segments were not synchronously taken. Importantly, given that the surrogate datasets were created 
with non-time corresponding data that exactly reproduces the roles of listener and speaker from the real dataset, 
the same physical attributes (e.g. pitch, intonation and breathing patterns) and data distribution were maintained. 
The same data treatment procedure for the analysis of synchronization described for real data was also applied to 
the surrogate datasets.
Statistical Analysis. In order to assess statistical differences in the phase coupling measurements between 
the real and the surrogate dataset (both in the brain-to-brain and in the brain-audio envelope analyses), a non-
parametric bootstrap-based t-test method from EEGLAB’s Resampling Statistical Toolkit was used. The bootstrap 
test is a distribution-free test and does not require any assumptions about the correlation structure of the data. 
The number of random sampling was set to 10000. An FDR correction56 for multiple comparisons (q = 0.05) was 
applied for the p values obtained (all frequency bands jointly). Statistically significant increases (compared to the 
surrogate data) are interpreted as showing neural entrainment to speech for the case of brain-envelope synchro-
nization data, and as showing interbrain synchronization for the case of the brain-to-brain synchronization data.
In order to directly statistically test if the brain-to-brain entrainment was mediated by speech-to-brain 
entrainment, a multiple linear regression modelling was used. Specifically, we obtained the coefficient estimates 
(percentage of variance explained and associated p values) of a multilinear regression of the brain-to-brain 
entrainment results (at each channel pair) using as predictors the corresponding results from the brain entrain-
ment to speech analysis (corresponding channels) for each of the 30 observations. This procedure was performed 
separately for each frequency band. The main “full” model takes into account all possible effects, including those 
of listener brain-audio entrainment, speaker brain-audio entrainment, and the interaction effect. It is expressed 
in the typical linear regression modelling equation (2) where: Y is the brain-to-brain entrainment for channel ‘A’ 
of the Listener and channel ‘B’ of the Speaker, x1 is the Listener’s brain entrainment to speech at channel ‘A’, x2 is 
the Speaker’s brain entrainment to speech at channel ‘B’ and x1x2 their interaction.
β β β β= + + + + ∈Y x x x x (2)0 1 1 2 2 12 1 2
In addition, two more parsimonious models were also used to apprehend any effect that could go unnoticed in 
the full model. In those models only listener brain-audio (Y = β0 + β1x1 + ϵ) and speaker brain-audio entrainment 
(Y = β0 + β1x2 + ϵ) were used as predictors. Statistically significant results in any model were interpreted as show-
ing the specific contribution of speech-brain entrainment to brain-brain entrainment.
Code availability. All code can be requested from the corresponding author.
Data availability. The datasets generated during and/or analyzed during the current study are available from 
the corresponding author on reasonable request.
References
 1. Giraud, A. L. & Poeppel, D. Cortical oscillations and speech processing: emerging computational principles and operations. Nat. 
Neurosci. 15, 511–517, doi:10.1038/nn.3063 (2012).
 2. Ghitza, O. & Greenberg, S. On the possible role of brain rhythms in speech perception: intelligibility of time-compressed speech 
with periodic and aperiodic insertions of silence. Phonetica 66, 113–126, doi:10.1159/000208934 (2009).
 3. Luo, H. & Poeppel, D. Phase patterns of neuronal responses reliably discriminate speech in human auditory cortex. Neuron 54, 
1001–1010, doi:10.1016/j.neuron.2007.06.004 (2007).
 4. Giraud, A. L. et al. Endogenous cortical rhythms determine cerebral specialization for speech perception and production. Neuron 
56, 1127–1134, doi:10.1016/j.neuron.2007.09.038 (2007).
 5. Lakatos, P. et al. An oscillatory hierarchy controlling neuronal excitability and stimulus processing in the auditory cortex. J. 
Neurophysiol. 94, 1904–1911, doi:10.1152/jn.00263.2005 (2005).
 6. Pérez, A., Carreiras, M., Gillon Dowens, M. & Duñabeitia, J. A. Differential oscillatory encoding of foreign speech. Brain Lang 147, 
51–57, doi:10.1016/j.bandl.2015.05.008 (2015).
 7. Magrassi, L., Aromataris, G., Cabrini, A., Annovazzi-Lodi, V. & Moro, A. Sound representation in higher language areas during 
language generation. Proc Natl Acad Sci USA 112, 1868–1873, doi:10.1073/pnas.1418162112 (2015).
www.nature.com/scientificreports/
1 1Scientific RepoRts | 7: 4190  | DOI:10.1038/s41598-017-04464-4
 8. Stephens, G. J., Silbert, L. J. & Hasson, U. Speaker-listener neural coupling underlies successful communication. Proc Natl Acad Sci 
USA 107, 14425–14430, doi:10.1073/pnas.1008662107 (2010).
 9. Dikker, S., Silbert, L. J., Hasson, U. & Zevin, J. D. On the same wavelength: predictable language enhances speaker-listener brain-to-
brain synchrony in posterior superior temporal gyrus. J. Neurosci. 34, 6267–6272, doi:10.1523/jneurosci.3796-13.2014 (2014).
 10. Kawasaki, M., Yamada, Y., Ushiku, Y., Miyauchi, E. & Yamaguchi, Y. Inter-brain synchronization during coordination of speech 
rhythm in human-to-human social interaction. Sci Rep 3, 1692, doi:10.1038/srep01692 (2013).
 11. Naeem, M., Prasad, G., Watson, D. R. & Kelso, J. A. Electrophysiological signatures of intentional social coordination in the 10-12 
Hz range. NeuroImage 59, 1795–1803, doi:10.1016/j.neuroimage.2011.08.010 (2012).
 12. Tognoli, E., Lagarde, J., DeGuzman, G. C. & Kelso, J. A. The phi complex as a neuromarker of human social coordination. Proc Natl 
Acad Sci USA 104, 8190–8195, doi:10.1073/pnas.0611453104 (2007).
 13. Hari, R. & Kujala, M. V. Brain basis of human social interaction: from concepts to brain imaging. Physiol. Rev. 89, 453–479, 
doi:10.1152/physrev.00041.2007 (2009).
 14. Babiloni, F. & Astolfi, L. Social neuroscience and hyperscanning techniques: past, present and future. Neurosci. Biobehav. Rev. 44, 
76–93, doi:10.1016/j.neubiorev.2012.07.006 (2014).
 15. Jiang, J. et al. Neural synchronization during face-to-face communication. J. Neurosci. 32, 16064–16069, doi:10.1523/
jneurosci.2926-12.2012 (2012).
 16. Ding, N. & Simon, J. Z. Emergence of neural encoding of auditory objects while listening to competing speakers. Proc Natl Acad Sci 
USA 109, 11854–11859, doi:10.1073/pnas.1205381109 (2012).
 17. Zion Golumbic, E. M. et al. Mechanisms underlying selective neuronal tracking of attended speech at a “cocktail party”. Neuron 77, 
980–991, doi:10.1016/j.neuron.2012.12.037 (2013).
 18. Peelle, J. E., Gross, J. & Davis, M. H. Phase-locked responses to speech in human auditory cortex are enhanced during 
comprehension. Cereb. Cortex 23, 1378–1387, doi:10.1093/cercor/bhs118 (2013).
 19. Peña, M. & Melloni, L. Brain oscillations during spoken sentence processing. J Cogn Neurosci 24, 1149–1164, doi:10.1162/
jocn_a_00144 (2012).
 20. Gross, J. et al. Speech rhythms and multiplexed oscillatory sensory coding in the human brain. PLoS Biol. 11, e1001752, doi:10.1371/
journal.pbio.1001752 (2013).
 21. Strauß, A., Henry, M. J., Scharinger, M. & Obleser, J. Alpha phase determines successful lexical decision in noise. J. Neurosci. 35, 
3256–3262, doi:10.1523/jneurosci.3357-14.2015 (2015).
 22. Pickering, M. J. & Garrod, S. An integrated theory of language production and comprehension. Behav Brain Sci 36, 329–347, 
doi:10.1017/s0140525x12001495 (2013).
 23. Silbert, L. J., Honey, C. J., Simony, E., Poeppel, D. & Hasson, U. Coupled neural systems underlie the production and comprehension 
of naturalistic narrative speech. Proc Natl Acad Sci USA 111, E4687–4696, doi:10.1073/pnas.1323812111 (2014).
 24. Jeannerod, M. The mechanism of self-recognition in humans. Behav. Brain Res. 142, 1–15, doi:10.1016/S0166-4328(02)00384-4 
(2003).
 25. Ding, N., Melloni, L., Zhang, H., Tian, X. & Poeppel, D. Cortical tracking of hierarchical linguistic structures in connected speech. 
Nat. Neurosci. 19, 158–164, doi:10.1038/nn.4186 (2016).
 26. Frazier, L., Carlson, K. & Clifton, C. Jr. Prosodic phrasing is central to language comprehension. Trends Cogn Sci 10, 244–249, 
doi:10.1016/j.tics.2006.04.002 (2006).
 27. Lotte, F. & Guan, C. Regularizing common spatial patterns to improve BCI designs: unified theory and new algorithms. IEEE Trans. 
Biomed. Eng. 58, 355–362, doi:10.1109/tbme.2010.2082539 (2011).
 28. Park, H., Kayser, C., Thut, G. & Gross, J. Lip movements entrain the observers’ low-frequency brain oscillations to facilitate speech 
intelligibility. Elife 5, doi:10.7554/eLife.14521 (2016).
 29. Klimesch, W. Alpha-band oscillations, attention, and controlled access to stored information. Trends Cogn Sci 16, 606–617, 
doi:10.1016/j.tics.2012.10.007 (2012).
 30. Foxe, J. J. & Snyder, A. C. The role of alpha-band brain oscillations as a sensory suppression mechanism during selective attention. 
Front Psychol 2, 154, doi:10.3389/fpsyg.2011.00154 (2011).
 31. Palva, S. & Palva, J. M. New vistas for alpha-frequency band oscillations. Trends Neurosci. 30, 150–158, doi:10.1016/j.tins.2007.02.001 
(2007).
 32. Hari, R., Henriksson, L., Malinen, S. & Parkkonen, L. Centrality of social interaction in human brain function. Neuron 88, 181–193, 
doi:10.1016/j.neuron.2015.09.022 (2015).
 33. Cason, N. & Schon, D. Rhythmic priming enhances the phonological processing of speech. Neuropsychologia 50, 2652–2658, 
doi:10.1016/j.neuropsychologia.2012.07.018 (2012).
 34. Quene, H. & Port, R. F. Effects of timing regularity and metrical expectancy on spoken-word perception. Phonetica 62, 1–13, 
doi:10.1159/000087222 (2005).
 35. Rothermich, K., Schmidt-Kassow, M. & Kotz, S. A. Rhythm’s gonna get you: regular meter facilitates semantic sentence processing. 
Neuropsychologia 50, 232–244, doi:10.1016/j.neuropsychologia.2011.10.025 (2012).
 36. Weiss, S. & Mueller, H. M. “Too many betas do not spoil the broth”: the role of beta brain oscillations in language processing. Front 
Psychol 3, 201, doi:10.3389/fpsyg.2012.00201 (2012).
 37. Bartoli, E., Maffongelli, L., Campus, C. & D’Ausilio, A. Beta rhythm modulation by speech sounds: somatotopic mapping in 
somatosensory cortex. Sci Rep 6, 31182, doi:10.1038/srep31182 (2016).
 38. Arnal, L. H., Doelling, K. B. & Poeppel, D. Delta-beta coupled oscillations underlie temporal prediction accuracy. Cereb. Cortex 25, 
3077–3085, doi:10.1093/cercor/bhu103 (2015).
 39. Zheng, C. & Colgin, L. L. Beta and gamma rhythms go with the flow. Neuron 85, 236–237, doi:10.1016/j.neuron.2014.12.067 (2015).
 40. Friston, K. J. & Frith, C. D. Active inference, communication and hermeneutics. Cortex 68, 129–143, doi:10.1016/j.
cortex.2015.03.025 (2015).
 41. Naeem, M., Prasad, G., Watson, D. R. & Kelso, J. A. Functional dissociation of brain rhythms in social coordination. Clin 
Neurophysiol 123, 1789–1797, doi:10.1016/j.clinph.2012.02.065 (2012).
 42. De Jaegher, H., Di Paolo, E. & Adolphs, R. What does the interactive brain hypothesis mean for social neuroscience? A dialogue. 
Philos Trans R Soc Lond B Biol Sci 371, doi:10.1098/rstb.2015.0379 (2016).
 43. Hasson, U. & Frith, C. D. Mirroring and beyond: coupled dynamics as a generalized framework for modelling social interactions. 
Philos Trans R Soc Lond B Biol Sci 371, doi:10.1098/rstb.2015.0366 (2016).
 44. Hari, R., Sams, M. & Nummenmaa, L. Attending to and neglecting people: bridging neuroscience, psychology and sociology. Philos 
Trans R Soc Lond B Biol Sci 371, doi:10.1098/rstb.2015.0365 (2016).
 45. Konvalinka, I. & Roepstorff, A. The two-brain approach: how can mutually interacting brains teach us something about social 
interaction? Front Hum Neurosci 6, 215, doi:10.3389/fnhum.2012.00215 (2012).
 46. Schilbach, L. et al. Toward a second-person neuroscience. Behav Brain Sci 36, 393–414, doi:10.1017/s0140525x12000660 (2013).
 47. Koike, T., Tanabe, H. C. & Sadato, N. Hyperscanning neuroimaging technique to reveal the “two-in-one” system in social 
interactions. Neurosci Res 90, 25–32, doi:10.1016/j.neures.2014.11.006 (2015).
 48. Hasson, U., Ghazanfar, A. A., Galantucci, B., Garrod, S. & Keysers, C. Brain-to-brain coupling: a mechanism for creating and sharing 
a social world. Trends Cogn Sci 16, 114–121, doi:10.1016/j.tics.2011.12.007 (2012).
www.nature.com/scientificreports/
1 2Scientific RepoRts | 7: 4190  | DOI:10.1038/s41598-017-04464-4
 49. Oldfield, R. C. The assessment and analysis of handedness: the Edinburgh inventory. Neuropsychologia 9, 97–113, doi:10.1016/0028-
3932(71)90067-4 (1971).
 50. Muller, V. & Lindenberger, U. Cardiac and respiratory patterns synchronize between persons during choir singing. PLoS One 6, 
e24893, doi:10.1371/journal.pone.0024893 (2011).
 51. Delorme, A. & Makeig, S. EEGLAB: an open source toolbox for analysis of single-trial EEG dynamics including independent 
component analysis. J. Neurosci. Methods 134, 9–21, doi:10.1016/j.jneumeth.2003.10.009 (2004).
 52. Bigdely-Shamlo, N., Mullen, T., Kothe, C., Su, K. M. & Robbins, K. A. The PREP pipeline: standardized preprocessing for large-scale 
EEG analysis. Front Neuroinform 9, 16, doi:10.3389/fninf.2015.00016 (2015).
 53. Goncharova, I. I., McFarland, D. J., Vaughan, T. M. & Wolpaw, J. R. EMG contamination of EEG: spectral and topographical 
characteristics. Clin Neurophysiol 114, 1580–1593, doi:10.1016/S1388-2457(03)00093-2 (2003).
 54. Lachaux, J. P., Rodriguez, E., Martinerie, J. & Varela, F. J. Measuring phase synchrony in brain signals. Hum. Brain Mapp. 8, 194–208, 
doi:10.1002/(SICI)1097-0193 (1999).
 55. Burgess, A. P. On the interpretation of synchronization in EEG hyperscanning studies: a cautionary note. Front Hum Neurosci 7, 881, 
doi:10.3389/fnhum.2013.00881 (2013).
 56. Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: a practical and powerful approach to multiple testing. J R Stat Soc 
Series B Stat Methodol 57, 289–300, doi:10.2307/2346101 (1995).
Acknowledgements
We thank Guillaume Dumas for providing the function used to visualize the results, Melek Karadağ for helping 
with the data collection and Lisa Wilson and Martijn Baart for their valuable comments. We also thank Dr. 
Margaret Gillon-Dowens for the revision of the manuscript. This research has been partially funded by grants 
PSI2015-65689-P and SEV-2015-0490 from the Spanish Government, AThEME-613465 from the European 
Union and a personal fellowship given by the BBVA Foundation to J.A.D.
Author Contributions
A.P. and J.A.D. conceived and designed the experiment. A.P. preprocessed the data. A.P. and J.A.D. analyzed the 
data. A.P., M.C. and J.A.D. interpreted the results. A.P. drafted the manuscript which was reviewed, adapted and 
approved by all authors. A.P. wrote the responses to the referees which were reviewed and approved by all authors.
Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-04464-4
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
